Toll-like receptors (TLRs) have previously been shown to play critical roles in the activation of innate immunity. Here, we describe that T cell expression of TLR2 regulates T helper 17 (Th17) cell responses. Stimulation with TLR2 agonists promoted Th17 differentiation in vitro and led to more robust proliferation and Th17 cytokine production. Using the experimental autoimmune encephalomyelitis (EAE) model, we found that TLR2 regulated Th17 cell-mediated autoimmunity in vivo and that loss of TLR2 in CD4 + T cells dramatically ameliorated EAE. This study thus reveals a critical role of a TLR in the direct regulation of adaptive immune response and pathogenesis of autoimmune diseases.
INTRODUCTION
Toll-like receptors (TLRs) function in the ''first line of defense'' against various infectious agents. As evolutionarily conserved pattern recognition receptors, TLRs recognize distinct microbial products. Upon binding to their cognate ligands, TLRs activate the innate immune response, leading to the production of proinflammatory cytokines and chemokines (Kawai and Akira, 2007) . These receptors also stimulate maturation of dendritic cells and the expression of costimulatory molecules on antigen-presenting cells (APCs) to facilitate the activation of adaptive immunity (Janeway and Medzhitov, 2002) . Recently, TLRs have been found to directly activate the innate function of gd T cells, resulting in the production of the cytokines interleukin-17 (IL-17) and IL-22 (Martin et al., 2009) . Although generally thought to regulate adaptive immunity indirectly through the activation of innate responses, TLRs have been also reported to modulate the function of T lymphocytes as well (reviewed in MacLeod and Wetzler, 2007) . TLR2, in particular, has been shown by multiple groups to be expressed by and to function in CD4 + T lymphocytes. For example, TLR2 was found to provide a costimulatory signal on activated CD4
+ T helper cells (Komai-Koma et al., 2004) . Furthermore, TLR2 engagement in CD8 + T cells enhanced proliferation, activation, and memory cell formation even under suboptimal activation conditions (Cottalorda et al., 2006; Mercier et al., 2009 ). TLR2 has also been shown to be functional directly on regulatory T cells (Chen et al., 2009; Liu et al., 2006) . Thus, ab T cells appear to directly express TLRs; however, the physiological and pathological significance of TLR expression in antigenspecific T cells remains unclear. Naive CD4 + T helper (Th) cells, upon activation by the innate immune system, differentiate into distinct effector lineages depending on the environmental signals present during activation (Dong and Flavell, 2000; Glimcher and Murphy, 2000) . Recently, Th17 cells have been identified and characterized as a distinct T cell lineage mediating tissue inflammation, especially in autoimmunity (Dong, 2006; Weaver et al., 2006) . In addition to activation through T cell receptor (TCR) and costimulatory receptors, Th17 cells require distinct factors for their development and maintenance, including transforming growth factor beta (TGFb), IL-6, IL-21, IL-1b, and IL-23 (Chung et al., 2009; Dong, 2008) . Th17 cells and IL-17 activity has been attributed to the pathogenesis of a variety of autoimmune disorders, including experimental autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis (MS) (Langrish et al., 2005; Park et al., 2005; Yang et al., 2008a) . Previously, TLR2 function has been linked to central nervous system (CNS) inflammation. During EAE, TLR2 along with poly (ADP-ribose) polymerase 1 expression on macrophages and astrocytes was found to promote CNS inflammation (Farez et al., 2009) . In this study, we investigated the direct role of TLR2 in the generation and function of Th17 cells in vitro and in vivo. We found that TLR2 activation during Th17 differentiation enhanced proliferation and Th17 cytokine production. More importantly, deficiency of TLR2 in CD4 + T cells substantially impaired Th17 responses in vivo and the pathogenesis of EAE. Therefore, TLR2 directly regulates Th17 responses and Th17-mediated autoimmune disease.
RESULTS

TLR2 Signaling in T Cells Enhances Th17 Differentiation
In an attempt to identify genes that are differentially expressed in Th1 and Th17 cells, we performed microarray analysis and found that TLR2 was more highly expressed by Th17 cells (GEO accession number GSE11924). To further investigate TLR expression in T cell subsets, we performed real-time RT-PCR on Th1, Th2, and Th17 subsets using bone marrow-derived macrophages and RFP + gd T cells from IL-17F-RFP reporter mice as positive controls. It has previously been shown that TLR2 signaling requires heterodimerization with TLR1 or TLR6 (Schumann and Tapping, 2007) . In accordance, TLR1, -2, and -6 mRNAs were expressed to the highest degree in Th17 cells compared to Th1 and Th2 subsets ( Figure 1A and Figure S1A available online). TLR4 expression was also found to be enhanced in Th17 cells, whereas TLR9 expression was similar between Th2 and Th17 cells. To further analyze TLR expression in Th subsets, we stained various effector T cells (either left untreated or activated through TLR2) with anti-TLR2 for flow cytometry. Th17 cells exhibited positive staining, although to a much lower degree compared to a macrophage control (Figure S1B) . Treatment with a TLR2 -TLR1 ligand, Pam 3 Cys-Ser-(Lys) 4 -trihydrochloride (Pam3Cys), however, induced TLR2 expression in Th2 cells. Recently, the expression of TLR2 and -4 was found to be enhanced in IL-17-producing gd T cells (Martin et al., 2009 ). Although we consistently observed upregulated TLR expression in Th17 cells compared to other types of Th cells, there was much greater expression of various TLRs in IL-17-producing gd T cells. Thus, our results suggest that similar to these innate T cells, Th17 cells may be able to respond to pathogen-associated molecules.
Because IL-23 is important in IL-17 responses in both ab and gd T cells (Langrish et al., 2005; O'Brien et al., 2009) , we next investigated whether TLR2 can influence IL-23 expression and vice versa. TLR2 activation of bone marrow-derived macrophages and dendritic cells resulted in substantially increased IL-23 p19 mRNA expression ( Figure S1C ). Moreover, IL-23 stimulation of gd, but not ab, T cells led to enhanced TLR1, -2, and -4 mRNA expression in a time-dependent manner ( Figure 1B) . As we will address later ( Figure 4B ), IL-23 is not sufficient by itself to drive gd T cell proliferation, so IL-23 was unlikely expanding a subpopulation of IL-17-producing gd T cells in these experiments.
Considering the TLR2 expression observed in Th17 cells, we next investigated if TLR2 activation in CD4 + T cells in vitro could modulate Th17 differentiation and/or function. FACS-sorted naive CD4 + T cells were cultured with plate-bound anti-CD3
and anti-CD28 in the presence of TGFb and IL-6, along with blocking antibodies against IFNg and IL-4. A TLR2 ligand, Pam3Cys, was added to the differentiation media in some cases as well. Cells differentiated in the presence of Pam3Cys exhibited an $50% increase in IL-17 single-positive and IL-17-IL-17F double-positive cells ( Figure 2A ). IFNg was not detected in either group (data not shown). ELISA analysis of primary culture supernatants, as well as those from effector Th17 cells restimulated with anti-CD3 overnight, revealed a similar enhancement of IL-17 and IL-17F production in cells cultured in the presence of TLR2 stimuli ( Figure 2B ). We further examined whether this effect was TLR2-specific by using TLR2-deficient naive CD4 + T cells. TLR2-deficient (Tlr2 À/À ) T cells did not exhibit obvious differences in Th17 polarization in the absence of exogenous TLR2 ligands compared to WT controls; however, the number of IL-17-producing cells did not substantially increase following stimulation with the Pam3Cys ligand ( Figure 2C ). We additionally considered the possibility that contaminating APCs may be the cause of increased Th17 differentiation upon TLR2 ligand treatment; dendritic cells or macrophages activated through TLR2 could produce such factors as IL-23 that could, in turn, amplify the Th17 response. To address this, we performed Th17 differentiation of naive CD4 + T cells derived from WT and IL-23-deficient (Il23a À/À ) animals that were first depleted of APCs and then selected for CD4 + expression. The production of IL-17 and IL-17F and the frequency of Th17 cells were increased in the cultures that were stimulated with TLR2 ligands, whereas no real differences were observed between T cells derived from Il23a À/À animals compared to WT controls. Furthermore, IL-1b or IL-23 was not detected above background in all Th17 culture conditions analyzed ( Figure S2A and S2B). Moreover, CD11c expression was not detectable above background in our purified T cells ( Figure S2C ). Finally, we performed Th17 differentiations in the absence or presence of increasing concentrations of LPS and speculated that if TLR2 ligand treatment was, in fact, activating contaminating APCs rather than naive T cells, then LPS treatment would do the same. The production of IL-17 and IL-17F remained unchanged after LPS treatment compared to untreated controls ( Figure S2D ), ruling out contamination of APCs. Figure 2D ). The transcription factors RORg and RORa are critical in regulating the Th17 cell genetic programming (Yang et al., 2008c) . Moreover, IRF-4 and AhR have recently been identified as Th17-promoting transcription factors (Brü stle et al., 2007; Veldhoen et al., 2008) . Analysis of these genes revealed an enhancement of RORg, RORa, and IRF-4 mRNA expression upon TLR2 engagement ( Figure 2D ), suggesting a direct role of TLR signaling in the expression of critical Th17-regulating transcriptional factors. It seems that the amounts of T-bet mRNA in this experiment were higher in the naive T cell population than in the test population; however, if compared directly to Th1 cells, naive cells actually expressed miniscule amounts of T-bet. To determine if increased Th17 cytokine expression by TLR2 activation was a result of an increase in the number of Th17 cells, we performed a similar experiment using our IL-17F-RFP reporter mice (Yang et al., 2008b) . Naive T cells from these mice were differentiated in the presence or absence of Pam3Cys. RFP + cells
were then sorted, and mRNA quantification was performed. RFP + cells that were activated through TLR2 exhibited similar increases in expression of Th17-related factors ( Figure S2E ), suggesting that TLR2 signaling enhances Th17 differentiation on a per cell basis rather than simply expanding the Th17 population.
TLR2 Signaling Enhances Th17 Proliferation
Previous studies have demonstrated that both activated CD4 + and CD8 + T cells proliferate more extensively upon TLR2 activation (Cottalorda et al., 2006; Komai-Koma et al., 2004) . Indeed, developing Th17 cells proliferated 2-fold more extensively when Pam3Cys was included in the differentiation media than those cultured without Pam3Cys by total cell counts following 4 days of differentiation ( Figure 3A ). Likewise, using carboxyfluorescein diacetate succinimidyl ester (CFSE) to determine proliferation of differentiating Th17 cells, we demonstrated that more cells were in the later stages of division after TLR2 activation compared to cells differentiated without TLR2 ligand (Figure 3B) . Taken together, our data suggest that TLR2 can directly regulate the differentiation of Th17 cells and their expansion in vitro.
TLR2 Signaling Enhances Proliferation and IL-17
Production by Effector, Memory, and gd T cells Because TLR2 activation enhanced Th17 cytokine production and proliferation of naive CD4 + T cells when they were polarized to Th17 cells, we next investigated whether TLR2 stimulation could influence the function of other types of T lymphocytes.
To address this possibility, we first investigated TLR2 activity on fully differentiated Th17 cells. Following 4 day in vitro differentiation, Th17 cells were restimulated in the absence or presence of various TLR ligands in the absence of TCR activation. IL-17 and IL-22 production was then assessed by ELISA. We found that treatment of fully differentiated Th17 cells with most TLR ligands alone (except for polyI:C) enhanced both IL-17 and IL-22 production compared to untreated cells ( Figure 4A ). Moreover, IL-23 and TLR agonists synergistically enhanced the production of these Th17 cytokines. Of all the conditions tested, the combination of TLR2 and IL-23 was one of the strongest in inducing IL-17 and IL-22 production. TLR4 activation, in combination with IL-23, has recently been shown to induce IL-17 in gd T cells (Martin et al., 2009 ). Here, we observed a similar effect of LPS in the promotion of IL-17, but not IL-22, production in ab T cells both in the presence or absence of IL-23. The TLR2-IL-23 synergy observed on Th17 cells was further extended to other T cell subsets. As shown in a previous report (Martin et al., 2009) , we found that gd T cells, in the absence of TCR stimulation, exhibited a strong IL-17-specific response when treated with IL-23 alone (data not shown); however, very little IL-17 production was observed in cells treated with only Pam3Cys. Moreover, similar to differentiated Th17 cells, gd T cells treated with a combination of IL-23 and Pam3Cys exhibited the highest degree of IL-17 production. TLR2-deficient gd T cells failed to exhibit this synergy, and their IL-17 production in response to IL-23 alone was reduced as well. Additionally, although not on the same scale as gd T cells, memory T cells also produced IL-17 in a synergistic fashion following Pam3Cys and IL-23 treatment in the absence of TCR stimulation ( Figure S3 ).
We next investigated the contributions of TLR2 and IL-23 on cellular proliferation in the absence of TCR stimulation. TLR2 stimulation alone was found to be sufficient for the proliferation of gd T cells; $50% of gd T cells divided following 2 day stimulation ( Figure 4B ). Naive and memory cells were also expanded in response to Pam3Cys alone without TCR activation, albeit to a reduced degree compared to gd T cells, possibly due to their reduced TLR2 expression. The proliferative effect of the Pam3Cys observed here was directly dependent on TLR2 signaling as TLR2-deficient T lymphocytes failed to expand (Figure 4C) . Surprisingly, IL-23 stimulation had little to no effect on the proliferation of all T cells tested, suggesting that TLR2 stimulation may drive proliferation, where IL-23 is only essential for regulating IL-17 differentiation programs.
We have previously shown that Th17 cells derived from naive TLR2-deficient T cells do not have intrinsic defects in IL-17 production ( Figure 2C ). Next, we decided to examine if the same were true for gd T cells. Interestingly, we found that TLR2-deficient gd T cells exhibited decreased IL-17 expression in response to IL-23 alone in adult gd T cells from peripheral lymphoid tissues (data not shown). Therefore, to examine the possibility that TLR2-deficient gd T cells may have an intrinsic defect in IL-17 production, we harvested both peripheral gd T cells and embryonic thymocytes derived from WT and TLR2-deficient animals, stimulated with PMA and ionomycin, and then measured IL-17 production ( Figure 5A ). Adult gd T cells derived from the spleen of TLR2-deficient animals on a C57BL/ 6 background exhibited a reduced capacity for IL-17 production; however, no difference was observed in embryonic thymus between the two groups, indicating that TLR2 gd T cells develop normally and have full IL-17 responsiveness at the time of thymic maturation. Likewise, IL-23-deficient gd T cells on a C57BL/6 3 129 mixed background derived from spleen or lung exhibited greatly decreased IL-17 production as well upon PMA plus ionomycin restimulation ( Figure 5B ). Although IL-23 has been shown to be important in IL-17 expression by gd T cells (Martin et al., 2009) , we investigated if these cells are competent in IL-17 expression at the time of thymic maturation. We found that gd T cells derived from IL-23-deficient embryonic thymus had amounts of IL-17-expressing cells comparable to that derived from WT. Thus, TLR2 and IL-23 are not critical for early IL-17-producing gd T cell development but appear to be critical in proliferation or maintenance of IL-17-producing gd T cells.
TLR2 Deficiency Reduces Th17 Generation In Vivo and Confers Protection against EAE
To evaluate the direct role of TLR2 signaling in the regulation of Th17 cells in vivo, Rag1 À/À mice were reconstituted with WT or TLR2-deficient bone marrow and EAE was induced. In this manner, we were able to assess the role of TLR2 directly in the lymphoid compartment. Mice reconstituted with WT bone marrow cells exhibited substantially higher disease severity compared to animals reconstituted with Tlr2 À/À bone marrow; however, disease incidence was similar between the two groups because all mice developed disease ( Figure 6A ). Additional examination of CNS tissues revealed reduced brain and spinal cord infiltration with concomitant decreases of CD4 and CD11b positive cells in animals reconstituted with Tlr2 À/À bone marrow cells (Figure 6B) . Interestingly, the result obtained here is not in entire accordance with two other reports (Chen et al., 2009; Prinz et al., 2006 ) that utilized germline TLR2-deficient animals in their EAE experiments. These authors did not observe differences in EAE severity or incidence in Tlr2 À/À animals compared to WT controls. Because all of our mice that were reconstituted with Tlr2 À/À bone marrow did, in fact, develop disease, these studies are not altogether different except for our observed decrease in disease severity. Additional effects of TLR2 on nonlymphoid cells may account for this discrepancy.
IL-17 plays a major role in pathogenesis of EAE (Dong, 2006) . To investigate the role of TLR2 in the generation of Th17 along with other Th subsets in vivo, we restimulated CNS-infiltrating CD4 + T cells with PMA plus ionomycin. CNS tissues derived from WT mice exhibited higher numbers of IL-17 single and IL-17-IFNg double-positive cells ( Figure 6B ). However, in terms of frequency, only IL-17 + cells were substantially decreased in Tlr2 À/À reconstituted mice ( Figure 6C ), suggesting that Th17, not Th1, function is more dependent on TLR2 activity. Splenocytes derived from EAE mice were also evaluated for the generation of antigen-specific T cell responses by MOG recall assays ( Figure 6D ). We found that IL-17 production was substantially decreased in Tlr2 À/À splenocytes compared with WT cells following MOG restimulation in a dose-dependent manner. However, as was observed in the CNS, no differences were observed in IFNg production. Proliferation was assessed upon MOG restimulation as well. We found that TLR2 deficiency resulted in a reduction of antigen-specific T cell division following MOG immunization. Taken together, our data indicate that Th17 generation in vivo was impaired in the absence of functional TLR2 signaling in lymphoctes.
TLR2 Deficiency in CD4
+ T Cells Impairs Pathogenesis of EAE Our previous results demonstrated a role of the TLR2 pathway in the development of Th17 responses during autoimmunity. To directly delineate the function of TLR2 specifically on CD4 + T cells in vivo, we transferred total CD4 + T cells from WT and TLR2-deficient animals into Rag1-deficient animals and induced EAE. As observed with bone marrow-reconstituted animals, we found that mice receiving Tlr2 À/À CD4 + T cells exhibited greatly reduced disease severity compared to mice receiving WT CD4 + T cells ( Figure 7A ). In contrast to bone marrow-reconstituted EAE mice where there was no difference in disease incidence, mice transferred with Tlr2 À/À CD4 + T cells exhibited little to no disease across multiple experiments. Next, we investigated CNS infiltration and cytokine production in EAE mice. We found substantial decreases in total, CD4 + , and CD11b + infiltrates into the CNS tissues of animals receiving Tlr2 À/À CD4 + T cells ( Figure 7B ). Both IL-17 and IFNg positive cells were decreased in mice with Tlr2 À/À T cells; however, no difference was observed in total IL-17-IFNg double-positive populations. Recent publications have indicated the importance of gd T cells in the development of EAE (reviewed in (Blink and Miller, 2009 ). Therefore, we tested spleen tissues of CD4 + T cell-transferred mice; however, gd T cells as well as B and CD8 + T cells were completely absent in the spleen of both sets of animals (data not shown), which rules out a possible role of gd T cell TLR activation in this experiment.
To further investigate the mechanisms of EAE protection observed in mice reconstituted with TLR2-deficient CD4 + T cells, we analyzed mRNA expression in the CNS tissues of three individual mice from each group. Almost all Th17-related genes were downregulated in the CNS of mice reconstituted with TLR2-deficient CD4 + T cells, compared to those reconstituted with WT cells, with a substantial reduction observed for IL-17 and IL-17F transcripts ( Figure 7C ). Additionally, WT cellreconstituted mice had higher expression of chemokines with established roles in EAE, such as CCL2 and CCL20, than those with TLR2-deficient T cells, providing a mechanistic basis for the reduction in CD4 + and CD11b + infiltrates observed in TLR2-deficient reconstituted mouse CNS. Interestingly, IFNg mRNA was greatly reduced in TLR2-deficient cell-reconstituted CNS tissues, which may be secondary to the Th17 defect in these mice, as Th17 cells are also important for migration of Th1 cells into CNS (Yamazaki et al., 2008) . Moreover, no differences were observed in CNS cell staining for Foxp3 or in Foxp3 mRNA expression (data not shown). IL-4 and IL-10 were undetectable in the CNS tissues of both groups of mice (data not shown), indicating that TLR2 deficiency might not alter Th2 or regulatory T cell behavior. To address the possibility that EAE pathogenesis may be influenced directly by endogenous TLR2 ligands generated in vivo, we induced EAE in Rag1-deficient mice reconstituted with WT and Tlr2 À/À CD4 + T cells through the use of LPS rather than CFA as an adjuvant ( Figure 7D ). We found that mice receiving Tlr2 À/À T cells still exhibited a pronounced decrease in EAE severity and incidence with only 55.5% of Tlr2 À/À -reconstituted mice developing disease compared to 100% of WT CD4-reconstituted mice. However, this difference in EAE incidence and severity was moderate compared to EAE using CFA as an adjuvant ( Figure 7A ). Thus, endogenous TLR2 ligands may be important in the EAE pathogenesis, although TLR2 activation may not be required for the initial activation and maintenance of antigen-specific T cells in this model. To further assess the direct role of TLR2 in Th17 cell differentiation in vivo, we immunized Rag1-deficient mice with keyhole limpet hemocyanin (KLH) reconstituted with both total WT or Tlr2 À/À CD4 + T cells and WT B cells as we recently described . Seven days later, draining lymph nodes were then harvested and stained for IL-17 following culture with KLH. WT T cell-transferred mice exhibited higher numbers T cells ( Figure 7E ). No statistically significant differences were observed in IFNg-positive cells. In addition, we also performed a competitive experiment by immunizing WT and Tlr2 À/À mixed bone marrow chimera mice with KLH. WT and Tlr2 À/À T cells were then purified based on their congenic markers and assessed for their cytokine expression following antigen restimulation. Although no differences were observed in the homeostatic proliferation of WT or Tlr2 À/À T cells before immunization (data not shown), KLH restimulation revealed a decrease of Tlr2 À/À IL-17-producing cells in draining lymph nodes (Figure 7F) . Consistent with previous results, the production of IFNg was not statistically different between the two groups. Thus, TLR2 seems to regulate early Th17 differentiation in vivo. 
DISCUSSION
TLRs play crucial roles in the regulation of innate immune responses. The enhancement of TLR2 expression in Th17 cells suggests an unexpected role of these evolutionarily conserved receptors in direct regulation of adaptive immunity. TLR2, a pattern recognition receptor that binds a wide variety of bacterial products such as lipopeptides (Kawai and Akira, 2007) thus became the focus of this investigation; however, other TLRs were increased in this subset as well. Both TLR1 and TLR6 are dependent on TLR2 for their cell surface expression (Schumann and Tapping, 2007) , so their increased expression in Th17 cells may allow increased TLR2 downstream activity in T cells. TLR4 expression was also upregulated in Th17 cells, suggesting a functional relationship with IL-17 production that was previously discovered in gd T cells (Martin et al., 2009) Herein, we have demonstrated that even in the absence of TCR activation, naive T cells are strongly influenced by TLR2 signals as well. The proliferative effect of TLR2 activation observed on Th17 cells in vitro could in theory affect homeostasis and maintenance of Th17 and other IL-17-producing cells in vivo. This idea is supported by the reduced numbers of IL-17 + gd T cells observed in Tlr2 À/À mice. Alternatively, TLR2 activation is not sufficient to influence IL-17 production by itself in naive CD4 + T cells. In the case of Th17 differentiation, TCR activation along with TGFb and IL-6 are also necessary for lineage commitment. Likely, the increased IL-17 production observed in Th17 cells differentiated in the presence of a TLR2 agonist is because of a costimulatory effect in the differentiation of Th17 cells. This additional TLR2 signal, in conjunction with TCR activation, may also directly target the Th17-related transcription factors RORg, RORa, or IRF-4 to aid in the production of IL-17. Interestingly, no major effect was observed on other Th subset-related transcription factors, such as T-bet and GATA-3, suggesting that the TLR2 signaling selectively targets factors crucial for Th17 cells rather than inhibiting the alternative Th subsets. The effect of TLR2 activation was assessed on Th1 and Th2 cells as well; however, whereas proliferation differences were observed, there was no effect on the production of IFNg or IL-4, respectively (data not shown). IL-17 production by CD4 + T cells was found to be strongly affected by TLR2, even after the early stages of lineage commitment. Fully differentiated Th17 cells treated with a TLR2 agonist were still found to produce increased amounts of IL-17 and IL-22 proteins following TLR2 ligand restimulation, even when the TCR stimulus was removed. However, the addition of IL-23 in combination with Pam3Cys resulted in a synergistic increase of both IL-17 and IL-22 compared to Pam3Cys-treated alone. The synergy we observed between TLR2 and IL-23 on Th17 cells suggested that these mediators may be sufficient and TCR activation may not be required for fully committed Th17 memory cells to produce IL-17. Indeed, we found that treatment of CD4 + memory cells with Pam3Cys and IL-23 induced a small amount of IL-17 expression even without TCR stimulation. 
Immunity
TLR2 Regulates Th17 Responses
Additionally, naive and memory CD4 + cells both proliferated in response to Pam3Cys alone. Thus, our results suggest a unique pathway for maintenance of CD4 + Th17 populations, one that requires only external or endogenous TLR2 stimuli. gd T cells can produce substantial amounts of IL-17 depending on TCR specificity and the environment (O'Brien et al., 2009) . Moreover, during Mycobacterium tuberculosis (TB) infection, gd T cells were found to be a predominant source of IL-17 in both humans and mice (Lockhart et al., 2006; Peng et al., 2008) . Because of the prevalence of TLR ligands during TB infection, coupled with the TLR2-IL-23 effect observed on ab T cells, we investigated the role of TLR2 on IL-17-producing gd T cells. In concurrence with a recent report (Martin et al., 2009) , we found that although TLR2 activation alone did not induce IL-17 production from gd T cells, the addition of IL-23 induced enhanced IL-17 responses compared to cells treated with IL-23 alone. Likewise, as was observed for naive and memory CD4 + T cells, TLR2
activation was sufficient to induce proliferation, whereas IL-23 had little to no effect on gd T cells. Taken together, our results illustrate a mechanism of gd T cell IL-17 production. gd T cells have the ability to rapidly respond to TLR2 signals and produce IL-17 when IL-23 is present in the environment. IL-23, in turn, can be produced by innate cells, such as dendritic cells and macrophages, after TLR2 activation, setting up a scenario in which the same TLR2 signal could potentially activate antigen-presenting cells as well as gd T cells, which may provide a sufficient environment for a rapid IL-17 response against invading pathogens. Rag1 À/À mice reconstituted with TLR2-deficient bone marrow exhibited decreases in EAE disease severity and in vivo Th17 generation in the EAE model, demonstrating the importance of TLR2 expression during autoimmunity by lymphoid cells. A recent report found that TLR2 in conjunction with poly(ADPribose) polymerase 1 expression by macrophages promoted CNS inflammation and IL-17 production during EAE (Farez et al., 2009 À/À bone marrow developed EAE normally, although with less severity, compared to WT controls. We do not know the exact mechanism to explain this discrepancy. Our current theory is that TLR2 activation in non-CD4 + cells in certain cases may actually inhibit the development of Th17 responses through the production of mediators such as IL-12 or even IL-10. Indeed, in some cases it has been shown that TLR2 activation can suppress rather than promote CNS inflammation (Stenzel et al., 2008 
T Cell Isolation and Differentiation
Naive CD4 + T cells were purified, activated, and analyzed as previously described (Yang et al., 2008b) . All antibodies utilized were purchased from Bio X Cell. Additionally, Pam 3 Cys-Ser-(Lys) 4 -trihydrochloride (Pam3Cys) (Alexis Biochemicals) or FSL-1 (Pam2CGDPKHPKSF) (Invivogen) was added to some of the treatment groups. Memory CD4 + T cells (CD4
were derived from spleen and lymph nodes and then sorted on a FACSAria. gd T cells were harvested from spleen, lung, and lymph nodes and further purified using a gd T cell isolation kit and autoMACS (Miltenyi). Thymus-derived, embryonic gd T cell were isolated in a similar manner from timed breeders at g18.5. Gene expression analysis was performed with an iCycler Optical System with IQ SYBR green from Bio-Rad. Gene expression was normalized to the Actb reference gene. Specific primer sequences can be found in Supplemental Experimental Procedures.
Bone Marrow Reconstitution
Bone marrow was harvested from WT (C57BL/6 or B6SJL) and Tlr2 À/À mice, filtered, and washed 33 in PBS. Cells were then counted, and 5 3 10 6 cells were injected in the tail veins of sub-lethally irradiated Rag1-deficient animals. Six weeks after injection, mice were checked for reconstitution by blood analysis.
CD4 + T Cell Transfer
Total CD4 + T cell populations were isolated from the spleens and lymph nodes of WT and TLR2-deficient animals. CD4 + T cells were further purified using CD4 microbeads and autoMACS (Miltenyi). Cells were counted and washed 3X in PBS and then injected i.v. into tail veins of Rag1 À/À mice at 5 3 10 6 cells per animal. EAE was induced or KLH was immunized the day following CD4 + transfer.
Immunity
TLR2 Regulates Th17 Responses
Induction of EAE EAE disease was induced using CFA and analyzed as previously described (Nurieva et al., 2007) . For EAE induction using LPS, CD4 + cells were transferred to Rag1 À/À recipients. On the following day, mice were immunized with MOG emulsified in IFA and LPS (Sigma, Escherichia coli O111:B4). From this emulsion, each mouse received a total of 150 mg MOG peptide and 30 mg LPS. Pertussis toxin and a second MOG immunization were administered as in the CFA adjuvant model. Clinical scores were as follows: 0, no signs of disease; 1, tail paralysis; 2, wobbly gait; 3, hind limb paralysis; 4, forelimb paralysis; and 5, moribund or dead. 0.5 gradations were utilized on mice exhibiting symptoms falling between two of the above listed scores.
Proliferation Analysis
For Th17 differentiation, cells were stained with CFSE (CFDA; Invitrogen) prior to stimulation. Following 4 day differentiation, CFSE dilution was assessed by flow cytometry. For MOG recall, splenocytes were incubated with 1, 5, and 25 mg/ml MOG (Synbiosci) 3 days prior to 8 hour pulse with 3 H-thymidine (Amersham/GE Healthcare). Analysis (cpm) was performed on a Perkin Elmer 1450 Microbeta Liquid Scintillation Counter.
ELISA
Supernatants from primary differentiation, MOG-restimulated, or KLHrestimulated cultures were harvested on days 4 and 3, respectively. Restimulated cultures were harvested after overnight incubation. IL-17, IL-17F, and IFNg cytokine production was assessed by ELISA kits (BD Biosciences and R&D Systems).
KLH Immunization
For CD4 + T cell transfer experiments, total CD4 + T cells and B220 + B cells were prepared from the lymph nodes and spleen of C57BL/6 and Tlr2 À/À mice by autoMACs. Cells were washed 33 in PBS, and 5 3 10 6 WT or Tlr2 À/À CD4 + T cells were injected i.v. along with 5 3 10 6 B cells. On the following day, mice were immunized with KLH (0.5 mg/ml) emulsified in CFA (0.5 mg/ml) at the base of the tail (100 ml each mouse). Seven days after immunization, these mice were sacrificed and draining lymph nodes were plated in the presence of 50 mg/ml KLH. Following 3 day incubation, cells were treated with Golgi Stop (BD Biosciences) for 5 hours prior to intracellular cytokine staining for IL-17 and IFNg. For the bone marrow reconstitution experiments, B6SJL (CD45.1) and Tlr2 À/À (CD45.2) bone marrow was harvested and injected at a 1:1 ratio i.v.
into sub-lethally irradiated Rag1-deficient mice. Six weeks after reconstitution, mice were immunized with KLH as described above. Draining lymph nodes were then harvested, and CD45.1 + or CD45.2 + CD4 + T cells were sorted and then stimulated with 50 mg/ml KLH for 3 days in the presence of irradiated WT APCs. Supernatants were then assayed for ELISA (BD-PharMingen).
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